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Abstract
Nanoparticles are one of the most significant technological advances of the present age.
As such, we must be able to characterize them as accurately as possible. Contemporary methods
are often prohibitively expensive. This limitation calls for new, cheaper technologies to be
developed. Another approach exists in repurposing current analytical tools in order to take
advantage of the special properties of certain nanoparticles. We investigate the use of ultravioletvisual spectrophotometry to characterize concentration of solutions of quantum dots, crystalline
semiconductor nanoparticles with fluorescent properties. Results from both fluorescence and
absorbance spectrophotometry are compared to show that a Beer-Lambert law-style linear plot
relating emission intensity to solution concentration can be developed for quantum dot systems.
Additionally, measurements were taken on both high- and low-end systems and show that
inexpensive equipment can be used to approximate quantum dot solution concentrations to a
reasonable degree. The results encourage the development of teaching modules for a physical
chemistry-level lab experiment and future in-depth studies on augmented systems, such as ones
with different solvents or mixtures of different color quantum dots.
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Introduction
The field of nanotechnology is advancing at a breakneck pace. New advancements in
drug delivery, manufacturing, and niche applications at the nano scale are receiving millions of
dollars of funding each year. One burgeoning topic in the field is the discovery, creation, and use
of novel nanoparticles (NPs), particles that are so small that their near-atomic size contributes
significantly to their properties. Systems that use NPs are found in many industries, from
researchers mixing anti-microbial silver nanoparticles with polymer composites to doctors using
NPs in new anti-cancer treatments [1], [2]. The advances that NPs offer are accompanied by
potential health and environmental effects. A difficulty arises, however, in tracking these effects
due to the challenge of observing NPs at their small scale. Even determining the concentration of
NPs in a solution is no small ordeal at environmentally relevant concentrations [3].
No common, routine technique exists to quantify NP concentrations. Numerous methods,
such as dynamic light scattering, nanoparticle tracking analysis, and inductively coupled plasma
mass spectrometry, are used depending on the type of NP, the environment, and availability of
equipment [4]–[6]. Technologies dealing with NP quantification are often prohibitively
expensive, making research on NPs limited to highly funded institutions with complex, modern
equipment. Less expensive, more easily accessible novel quantification methods are desirable,
but for some cases it is possible to utilize existing techniques because of unique NP properties.
Quantum dots (QDs) are a type of NP that are often used in display technology or as
biomarkers [7], [8]. The QDs are crystalline semiconductors on the scale of 2-10 nm and have
unique fluorescent properties based on their size. When excited by ultraviolet radiation, smaller
QDs emit light on the blue end of the spectrum and larger ones emit light on the red end.
Intermediate sizes can emit all sorts of colors, and different sized QDs can be mixed to make
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RGB-style color combinations. As with other NPs, the concentration of QDs in a solution can be
difficult to determine due to their size. However, the fluorescence of QDs allows them to be
detected by ultraviolet-visible (UV-VIS) spectrophotometry. The technologies for UV-VIS
spectrophotometry are widely available and can be relatively inexpensive to use. We seek to
show that low-cost UV-VIS systems can be used to quantify concentrations of quantum dot
solutions.
The two main types of UV-VIS spectrophotometry are absorbance spectrophotometry
(also known as transmission or termination spectrophotometry) and fluorescence
spectrophotometry. Absorbance spectrophotometry is a laboratory standard for concentration
determination. Light is passed through a solution, and the particles of interest absorb a certain
portion of said light based on their concentration. The equation for absorbance [unitless] is
𝐴 = log10

𝐼𝑇
𝐼0

where 𝐼𝑇 is the transmitted intensity and 𝐼0 is the initial intensity [lumens]. The relationship
between absorbance and concentration comes in the linear form of the Beer-Lambert Law as
shown below
𝐴 = 𝜀𝑙𝑐
where 𝐴 is the species absorbance, 𝜀 is the molar species absorptivity [L mol-1 cm-1], 𝑙 is the
optical path length [cm], and 𝑐 is the species concentration [mol L-1]. Absorbance measurements
are generally taken at the wavelength where the species absorbs the most light. Fluorescence
spectrophotometry measures the intensity of emitted light from a species when it is exposed to an
excitation wavelength. Though more often used for species identification, fluorescence
spectrophotometry emission values can also be correlated with concentration.
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We propose that UV-VIS spectrophotometry can be used to determine the concentration
of quantum dot solutions by developing a Beer-Lambert law-style linear plot of fluorescence
intensity versus concentration. A test of this hypothesis has never been reported in the literature
to the best of our knowledge. To investigate, we use three UV-VIS systems, one high-end
fluorescence spectrophotometer, one low-end fluorescence spectrometer, and one absorbance
UV-VIS spectrophotometer. The high-end system serves to prove the concept, the low-end
system shows what kind of results can be obtained with inexpensive equipment, and the
absorbance system verifies the results by ensuring solution concentrations are consistent.
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Materials and Methods
Materials
Red QDs with alkyl functional groups and reported emission wavelength of 617 nm were
purchased from Crystalplex. Each vial of QDs was suspended in 1 mL of toluene at a
concentration of 2.5 mg/mL. Additional HPLC grade and spectrophotometric grade toluene used
for dilutions was purchased from Fisher Scientific and Mallinckrodt Inc., respectively. Nitric
acid used for cleaning came from a concentrated stock solution at 70% and was diluted to 50%
with ultrapure water (UPW) produced in-house.
Methods
Preparing QD Samples
Various concentrations of QD solutions were prepared via serial dilution. A Labnet
Labpette micropipette of 20 μL – 250 μL capacity range was used to extract 200 μL of stock QD
solution at 2.5 mg/mL to add to 10 mL volumetric flasks. Serial dilutions were performed with
Fisherbrand volumetric pipettes of capacity ranges 0 mL – 10 mL and 0 mL – 5 mL and UPW
into subsequent 10 mL and 25 mL volumetric flasks. Two sample batch test standards were
developed and are detailed in Table 1. These values fit inside the linear range of concentrations
measurable with the equipment on hand.
Characterizing Concentrations
The QD samples were loaded into quartz cuvettes and sealed with PTFE tape
immediately before characterization. A Jobin Yvon Horiba Fluoromax-3 spectrophotometer was
used to analyze the fluorescence spectra of the QD samples. Scans were performed over the 500750 nm range at an excitation wavelength of 405 nm. The wavelength chosen corresponds with
the nonadjustable excitation wavelengths available on many inexpensive UV-VIS systems.
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Additional fluorescence scans over the 350-750 nm range were taken on a StellarNet EPP2000
UV-VIS spectrophotometer. An ultraviolet flashlight with a 405 nm light was used as the
excitation source. Finally, absorbance spectra were recorded at a wavelength of 405 nm on a
Genesys 10S UV-VIS spectrophotometer.
Data Analysis
Fluorescence spectra were analyzed, and fluorescence peaks were identified using
SpectraGryph optical spectroscopy software. The StellarNet spectra required background noise
to be subtracted in order to obtain accurate peak values. Additional data processing was
performed in Microsoft Excel. Processing for the Fluoromax measurements involved dividing
the emission intensity values by the peak intensity of a water calibration performed before each
set of measurements in order to normalize data between experiments. For the StellarNet
measurements, the emission intensities were divided by the peak intensity of the UV source in
order to normalize between measurements. Areas under the resulting curves were used as the
main data point for both systems. Statistical analysis was performed in Igor Pro 8 (WaveMetrics,
Inc.).
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Results and Discussion
Measurements on the StellarNet system are shown in Figure 1. The peaks on the right are
the emission spectra of the different QD solutions whose height and area relate to their respective
concentrations. The peaks on the left are the UV source intensities used to normalize
measurement values. Fluoromax measurements consist of a single peak (Figure 2) as do the
water calibration measurements used to normalize the fluorescence values. Absorbance spectra
for the QDs are shown in Figure 3. Though the maximum absorbance wavelength of the QDs is
closer to 283 nm, results at this wavelength are highly nonlinear (Figure 4). It is speculated that
this discrepancy is caused by some unique property of the QDs themselves. For this reason, the
absorbance wavelength of 405 nm was chosen to match the excitation wavelengths of the
fluorescence systems.
Preliminary “shotgun” style testing with various relative QD concentrations showed
promising results on the low-end StellarNet system (Figure 5). The linearity of the data indicated
that a Beer-Lambert law-style plot and equation could indeed be constructed and used for
concentration determination of unknown solutions. Comparable testing was performed with
mixed-color solutions of both red and green QDs yielding similarly favorable results (Figure 6).
We wished to confirm these results using the higher-end system and then test the bounds of the
linear range.
The two test procedures shown in Table 1 provide a good representation of the range of
concentration values measurable with the equipment on hand. The higher limit is likely a more
universal maximum dictated by the physical phenomena governing highly concentrated QD
solutions, and sensor saturation limits. The StellarNet system saturated by cutting off values
much higher than the highest value of Test 1, and the Fluoromax system started showing inverted
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peaks, another sign of sensor saturation. Low end of the concentration limits manifested in a
different manner. The StellarNet system is limited by its sensor sensitivity and was therefore
unable to distinguish the low concentration signals from background noise. In contrast, sample
preparation hindered the low detection limits of the Fluoromax system. The QDs were suspended
in toluene, a solvent with low surface tension and high capillary action. Due to colligative
properties, the meniscus of the toluene solutions rose high enough in low concentration solutions
to touch the PTFE coverings, wick out, and evaporate, consequently increasing solution
concentration. This effect was further exacerbated by slight solution heating by the excitation
source during measurements.
Numerous test runs were performed on both fluorescence systems. Absorbance
measurements were taken alongside fluorescence measurements to serve as a comparison metric,
confirming the consistency of sample creation. Result from all systems were normalized as
described above and compiled into master plots. Figure 7 shows the results of the higher end
Fluoromax system. Data points pack closely along a linear trendline showing that a BeerLambert Law-style graph is producible to a high degree of accuracy. StellarNet data points
(Figure 8) show more of a spread but are still linear and usable within a reasonable error margin.
Absorbance measurements (Figure 9) are correspondingly linear showing that the solutions have
been consistently prepared. Spread in the absorbance data can likely be attributed to flaws on the
measurement cuvettes.
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Conclusions and Future Works
In the short term, the high degree of linearity of the results allows for rapid, accurate
characterization of QD solutions with unknown concentrations. Since the solutions we are
working with are prepared in highly volatile toluene, concentration determination is useful for
samples that have become concentrated over time due to solvent evaporation. Given the decently
good results of the low-end system, approximate concentrations can be determined quickly
without the need for the intense measurement processes required by higher-end equipment.
Measurement accuracy on the low-end equipment also have opportunity for improvement.
Interestingly, two potentially separate, linear trendlines could be made on the StellarNet
plot, an upper one and a lower one, instead of one large one. Indeed, two trendlines could
indicate a discrepancy in measurement conditions, perhaps after the apparatus was disturbed or
flashlight batteries were changed. Both disturbances could alter the intensity of the source and
lead to differences in emission measurements. If the system could be reliably set up and
numerous tests run straight through, perhaps higher quality results could be obtained. Accuracy
on the higher-end Fluoromax system have room for improvement, as well. If the solution could
be better contained or smaller sample volumes could be used to avoid wicking, even lower
concentration QD solutions may be able to be accurately characterized. We could not determine
if environmentally relevant (ppm or ppb) concentrations could be approached without further
system modifications, such as increased path length [9]. Further investigation is warranted.
Perhaps another way to address the wicking issue is to use less volatile solvents. Organic ligand
groups on our QDs necessitate the use of organic solvents, but still different solvents exist.
Alternatively, QDs with different ligands, such as hydrophobic ones, could be used in water
instead given that the surface tension of water is approximately 2.5 times that of toluene [10].
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A final worthy point of future study is the characterization of mixed-color QD solutions
by fluorescence spectroscopy. In contrast to other concentration determination methods,
fluorescence spectroscopy potentially offers the ability to find concentrations for all QD species
in a solution at once and identify their average wavelength and, consequently, their approximate
size. In theory, this too could be performed on either the high-end or low-end systems, as shown
by our preliminary results (Figure 6). Numerous avenues exist for performing in-depth studies on
the topic, but the general principles of manipulating unique aspects of a system to obtain
scientific insight represent a good opportunity for learning. As such, we believe the experiments
performed could set the groundwork for physical chemistry-level lab experiments. We hope to
develop teaching modules and experimental procedures to facilitate such learning in the future.
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Appendix – Tables and Figures

Concentrations Tested [mg/mL]
Test 1
Test 2
0.01
0.0075
0.006
0.004
0.005
0.002
0.003
0.001
0.001
0.0009
0.0006
0.00075
Table 1 – The two sets of QD serial dilution concentrations used for experimentation
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Figure 1 – An example set of fluorescence spectrum measurements from the StellarNet system.
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Figure 2 – An example set of fluorescence spectrum measurements from the Fluoromax system
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Figure 3 – An example set of absorbance spectrum measurements from the Genesys system
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Figure 4 – Absorbance measurements on the Genesys system at the maximum absorbance wavelength.
Results are highly nonlinear.
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Figure 5 – Initial results from a “shotgun” trial on the StellarNet system. The equation of the trendline is
𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 = (0.99 ± 0.03) × 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛

22

Figure 6 – Combined red and green fluorescence intensity measurements of numerous mixed-color
quantum dot solutions. Measurements were performed on the StellarNet system. The equation of the
trendline is 𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 = (0.99 ± 0.01) × 𝑉𝑜𝑙𝑢𝑚𝑒 𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛
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Figure 7 – Master plot of all fluorescence data from the Fluoromax system. The equation of the trendline
is 𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑃𝑒𝑎𝑘 𝐴𝑟𝑒𝑎 = (106 ± 2) × 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛
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Figure 8 – Master plot of all fluorescence data from the StellarNet system. The equation of the trendline
is 𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑃𝑒𝑎𝑘 𝐴𝑟𝑒𝑎 = (88 ± 2) × 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛
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Figure 9 – Master plot of all absorbance data from the Genesys system. The equation of the trendline
is 𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 = (4.1 ± 0.1) × 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛
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